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SUMMARY 

An analysis is presented of the effeot of independent vari- 
ations in the component efficiency characteristics, flight condi- 
tions, and engine size on the time constant and the turbine -inlet- 
temperature overshoot of a turbojet engine with a centrifugal 
compressor and a turbine with choked stator. The dy nami c factors 
were calculated from t hemodynamic equations of engine -component 
performance . 

The engine time constant, corrected for engine size and alti- 
tude, increased 45 percent with a 10-percent decrease in compressor- 
tip Mach number. At constant Mach number, independent variations 
° over a normal operating range of compressor efficiency, ram pressure 
ratio, and exhaust -t o-turbine nozzle-area ratio varied the engine 
time constant 15 to 25 percent ; the effect of turbine efficiency 
was negligible. The effect of independent variations in the rate 
of change of component efficiency during transient engine operation 
on the time constant was of significant magnitude and should be 
given consideration in generalizing the dynamic behavior of an 
engine. Turbine-lnlet-temperature overshoot decreased with an 
Increase in compressor Mach number except under conditions of high 
ram pressure ratio. The effect of independent variations in com- 
pressor and turbine efficiency and exhaust -to -turbine nozzle-area 
ratio on overshoot was small compared with the effect of ram pres- 
sure ratio. Contrary to the engine time constant, the turbine- 
inlet -temperature overshoot required no correction for engine size 
and altitude. 


INTRODUCTION 

The design of turbojet-engine control systems is intimately 
related to the dynamic characteristics of the engine and has 
advanced to the stage where theoretically correct control constants 
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can "be determined for fixed dynamic properties (references 1 and 
2). In a turbojet engine, these control constants can generally "be 
accurately evaluated for fixed engine operating conditions. Vari- 
ations in. dynamic characteristics resulting from changes in operat- 
ing conditions or engine performance, however, necessitate com- 
promises in the selection of the most suitable control constants . 

With respect to the "control designer, a knowledge' of the engine 
parameters affecting dynamic behavior and the magnitude of the 
variations that may be incurred would therefore facilitate the 
design of the engine control systems. 

Some preliminary experimental investigations have been made of 
the variations ' in dynamic properties resulting from changes in 
operating conditions (references 3 and 4). Such investigations are 
useful in the design of control systems for the engines investigated. 
The results cannot be accurately extrapolated to s imilar engines 
of different size or performance, however, because the changes in 
dynamic behavior encountered during the investigations were the 
result of the combined effect of a number of engine variables on 
dynamic behavior. An evaluation of the primary variables affecting 
dynamic behavior and the independent effect each has on the behavior 
would be of value. It would provide basic information on the vari- 
ations in dynamic characteristics that may be expected from per- 
formance variations and design changes between engines without the 
necessity of individually investigating each engine. 

This investigation was therefore conducted at the NAOA lewis 
laboratory to determine the primary variables, such as component 
efficiency characteristics, flight conditions, and engine size, 
that affect dynamic characteristics of a turbojet engine and to 
evaluate the effect of independently varying these variables. 

A simple turbojet engine with a centrifugal compressor and a . 
turbine with choked stator was analyzed. Transfer functions for 
the engine were derived by combining the static . relation between 
dependent and independent variables with the dynamic expression for 
the engine mechanical configuration. Two pertinent factors express- 
ing dynamic characteristics were obtained from the transfer functions 
for t his type engine* (1) the engine time constant, a characteristic 
time in the response of engine speed to a change in fuel flow, and 
(2) the turbine -inlet -temperature overshoot resulting from a step 
change in fuel flow. The:-, expressions for these dynamic factors 
were expanded in terms of primary engine variables by the use of 
thermodynamic equations of engine performance and used to evaluate 
the effect df variations in primary variables on the time constant 
gmfl turbine -inlet-temperature overshoot. The use of the thermody n a mi c 
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equations presupposes that the engine processes are quasi-static. 
Such an assumption is shown to "be -valid for a turbojet engine in 
references 3 and 4. 


METHOD OF AMIYSIS 

The two dynamic characteristics considered herein, the engine 
time constant and the turbine -inlet -temperature overshoot, are 
related to the acceleration properties of the engine in response 
to a change in an operating condition. By theoretical analysis, 
assuming the engine to he a quasi-static system, an expression in 
terns of primary engine variables can he derived for both these 
characteristics. The dynamic factors are derived using the 
Laplace transform, a method generally applied to control analysis. 
The symbols used are defined in Appendix A. 


Transfer Functions 

If it is assumed that the engine is a first-order system and 
that the unbalanced torque between the compressor and the turbine 
is a function of engine speed and fuel flow, the significant terms 
in a linear expansion about a steady-state operating point (unbalanced 
torque equals zero) are given in the following equation: 



In the region around the steady-state operating condition, 
equation (l) may be considered as a differential equation in the 
same variables. If equation (l) is combined with Newton's second 
law of motion and the Laplace transform is applied with initial 
conditions equal to zero, the transfer function relating speed and 
fuel flow is given by 


LOST) = 


l+T f P 


L(v-) 



( 2 ) 


where 
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and 



The factor is the engine time constant, a characteristic 

dynamic factor in the response of speed to the independent variable 
fuel flow. 


The unbalanc ed torque can also he assumed a function of speed 
and turbine “inlet temperature. If this assumption is made, the 
following tr ans fer function can he derived: 


L(ff) = r T 



(3) 


where 




, and 


I 

J 



combining the two transfer functions, equations (2) and (3), and 
eliminating speed gives 


L(T 4 ) 



1+T t P 

1+T f p 


L(w f ) 


( 4 ) 


The dynamic relation between fuel flow and turbine -inlet temperature 
is represented by equation (4) . If is larger than T f , the 

form of this equation is such that, for a step change in fuel flow, 
the turbine -inlet temperature is at a maximum value at the instant 
the step is made. 
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If Tq, is assumed larger than T f and the initial -value 
theorem (reference 2) is applied, 

4 

4 m Tm ' . 

T 4(^) = ^ t -** (S) 

The final value is obtained when time is infinite. Applying the 
final -value theorem to equation (4) (reference 2) gives 

^4 (final) = ~ w f t 6 ) 

T 


When equations (5) and (6) are combined, the following expression 
for turbine-inlet-temperature overshoot is obtained: 


T 4(max) ~ T 4(final) t T . ^ 
■*■4 (final) T f 


(7) 


From the definition of T f and T^, equation (7) can be -written 
in the form . 

T 4(max) ~ T 4(flnal) _ ('^\ _ l (8) 

®4(flnal) | 


The temperature overshoot given by equation (8) is for initial 
conditions equal to zero. 


Thermodynamic Expressions 


In order to evaluate the engine time constant (equation (2)) 
and the turbine -inlet -temperature overshoot (equation (8)), two 


(!)„. 



engine characteristics. 


the changes in torque 
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■with, speed at constant fuel flow «nfl at constant turbine -inlet 
temperature, respectively, must he known. These two factors can 
he" obtained from thermodynamic equations of the engine components . 

In the' thermodynamic analysis of the engine, simplified assump- 
tions of engine perfor ma nce are made to facilitate the derivation. 
These assumptions include constant specific heats, burner pressure 
drop, fuel -air ratio, compressor slip factor, and a noncompressible- 
flow equation for the exhaust nozzle. These assumptions will result 
in some error in the absolute magnitude of the dynamic factors; 
they are, however, sufficiently accurate to calculate the relative 
changes in a dynamic factor resulting from variations in primary ' 
variables. For example, the noncompress ible -flow equation results 
in a variation in the engine time constant that differs by only 
5 percent from that obtained with a compressible-flow equation for 
a range of exhaust -nozzle conditions between choked and extremely 
small pressure ratios. 

The following thermodynamic equations are used in this 
analysis; 

(a) Relation of unbalanced engine torque, neglecting friction 
wpfl accessory power, to other engine parameters; 


m = v g (H 4 -H 5 ) - vjHs-Hg) 


( 9 ) 


(b) Compressor performance: 


H3-H2 

*2 



1 


( 10 ) 


V B 2 = 


= 1 
4gJ 


An 2 


(11) 


(c) Burner performance : 


w i?4 - w a H 5 = Vf 


( 12 ) 
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(&) Turbine performance : 


H4“HS 
h 4 " \ 


1 



(13) 


v m 0.274 
S 


¥4 


(14) 


(e) Gas flow through' exhaust nozzle: 


w 


g 



Pn (P 5-5o) 


(15) 


In addition to these equations of component performance, the 
following assumptions are made: 


w g = 1.02 w a (16) 

P 4 = 0.95 P 3 (17) 


W\ = f ^ w f^ 


(18) 


These equations are sufficient to derive a single equation, for 
engine performance in terms of torque, speed, and fuel flow. For 
this analysis, torque is assumed to vary linearly with speed and 
fuel flow. An equation expressing this relation is obtained by 
linearizing the thermodynamic equations in terms of the variable 
parameters and then combining the linearized equations to obtain a 
single equation linearly relating changes in torque with changes in 
speed and fuel flew. The algebraic process of this derivation and 
the complete expression for this equation is given in appendix B, 
equation (B36) . A simplified form of this equation is 
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•where fg is a function of variables similar to those expressed 
for f-p This equation expresses in terms of primary engine vari- 
ables the relation assumed in equation (1) . The ooeff ioient of 
the speed term of equation (19) is equal to the change in torque 
with speed at constant fuel flow for small deviations from the 
steady-state operating conditions. The engine time oonstant 1 b 
then equal to 



( 20 ) 
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Erom equation (20), the time constant is seen to "be directly 

proportional to I and. \jo~ and, is inversely proportional to 
2 

Aj.j D , and. 8. A corrected, value of the time constant in terms 

of these factors representing engine size and. altitude, may accord- 
ingly he presented in the form 


CM 





An equation linearly relating torque with speed and turbine - 
inlet temperature rather than fuel flow can also be derived. 

For this case compressor, turbine, and combustion efficiencies are 
assumed oonstant because varying efficiencies would complicate the 
presentation of results to the extent that they would have no 
informative value. A simplified form of the complete expression 
derived in appendix B, equation (B37 ) is as follows : 



( 21 ) 


The coefficient of the speed term in equation (21) is the change 
of torque with speed at oonstant turbine -inlet temperature. The 
turbine -inlet -temperature overshoot is then the ratio of the 
coefficients of the speed terms in equations (19) and (21), as 
defined by equation (8) . 


T 4(max) ~ T 4 (final) 
®4 (final) 



Po ^ 

r ' r> v v 

*0 e / 

■^2 ■^•-h 


1 


( 22 ) 


The numerator of equation (22) differs from the coefficient of the 
speed term in equation (19) only in that the rate of changes in 
component efficiency during a transient change is neglected. 
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Independent Variations of Primary Variables 
Prom equation (20), the corrected time constant is shown to he 


a function of the engine -variables 


M, 


P 2 ^ 

.*■ 5T ^ 



and 



Steady-state engine performance is generally presented with 
respect to compressor-tip Mach number. In this analysis of the 
effect of Tariations in primary variables on the engine time 
constant, the effect will also be presented with respect to 
compressor-tip Mach number. The Mach number used is the ratio of 
the compressor-tip velocity to the velocity of sound at the com- 
pressor inlet. 

The effect of independent variations in primary engine vari- 
ables on the time constant were calculated with respect to reference 
engine conditions and for this purpose values of each of the primary 
engine variables were chosen. The assumed reference conditions are 



ti = 0.85 

13 


These reference conditions, with an assumption of compress or -tip 
Mach number,- determine all other engine variables . The results of 
independently varying the primary variables are shewn in figure 1, 
which presents the corrected engine time constant as a function of 
compressor-tip Mach nu mb er. 
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Turbine -inlet -temperature overshoot is a function of the 
variables M, Pg/Po* -A^/Ag, T] c , and when the effect of the 

rate of change of efficiency is neglected. With the assumption of 
the same reference conditions of the pr imar y variables as were used 
for the engine time constant, the effect of independent variations 
in the primary variables on the relation between the turbine -inlet - 
temperature overshoot and compressor-tip Mach number was calculated. 
These effects are shown in figure 2. 


DISCUSSION OF RESULTS 
Engine Time Constant 

The effect of altitude on the engine time constant is indicated 
from the corrected value of the time constant used in this analysis. 
As has been indicated by other investigators (for example, refer- 
ence 3), the engine tine constant is directly proportional to the 
square root of the ambient temperature and inversely proportional 
to the ambient pressure at a constant compressor-tip Mach number. 
These relations are, of course, only the independent effect of 
altitude; additional effects may be introduced if a qhange in alti- 
tude results in a change in other primary variables. 

The corrected engine time constant also shows that at constant 
compressor-tip Mach number the engine time constant is directly 
proportional to the ratio i/AjD 2 . Reference 3 also shows that the 

engine time constant is directly proportional to moment of inertia; 
however, such a single proportionality is inadequate for a compari- 
son of time constants between engines of different size. For geo- 
metrically similar engines, both and D increase as I 

increases and therefore the direct proportionality with I is 
minimized. 

In figure (1), which presents the engine time constant, the 
corrected value of time constant increases with a decrease in 
compressor-tip Mach number. For an engine of constant size and 
with the reference values chosen for this analysis, a 10-percent 
decrease in the actual speed will result in approximately a 
45-percent increase in the time constant. 

The independent effect of steady-state compressor efficiency 
on the relation between compressor-tip Mach number and time constant 
is shown in figure 1(a) . At constant Mach number, a decrease of 
0.05 in compressor efficiency results in approximately a 15-percent 
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increase in corrected time constant, the increase being larger at 
higher Mach numbers . The effect of steady-state turbine efficiency 
on the time constant is less than that of compressor efficiency, 
as shown in figure 1(h). A decrease in turbine efficiency of 0.05 
results in approximately a 3-percent decrease in time constant at 
low compressor Mach, numbers with the effect approaching zero as Mach 
number increases. 

The exhaust -to -turb ine nozzle -area ratio has an appreciable 
effect on the relation between Mach number and time constant. In 
figure 1(c), the time constant is shown to increase approximately 
20 percent for a 20-percent increase in area ratio at constant Mach 
number. The effect of ram pressure ratio is shown in figure 1(d). 
The engine time constant decreases approximately 25 percent for an 
increase in ram pressure ratio of 20 percent at constant ocmpressor- 
tip Mach number. 

The effect; of the rate of change of compressor, turbine, and 
■ burner transient efficiency on the time constant is shown, in fig- 
ures 1(e), 1(f) > and 1(g), respectively. The parameter represent- 
ing this efficiency gradient 

the ratio of the percentage change in efficiency to the percentage 
change in speed at constant fuel flow. The value of this ratio 1 b 
dependent on the performance characteristics of the components. It 
is not related to the value of the efficiencies at a steady-state 
operating condition but expresses the efficiency in the region 
surrounding the steady-state point. Although the steady-state 
efficiency may be high, the efficiency may decrease rapidly in the 
vicinity of the steady-state point with attendant large values of 
the efficiency gradient factor for only perceptible changes in 
operating conditions. The value of this factor may even be larger 
than those presented herein if the engine is operated near the 
region of compressor surge, burner blow-out, or at rapidly 
decreasing turbine efficiencies. 

When the efficiency gradient is positive, which represents a 
condition of increasing efficiency with speed at constant fuel flow, 
the time constant increases at a constant Mach number. This effect 
is shown in figures 1(e) to 1(g) . For ocmpressor efficiency the 
effect is less at a low compressor-tip Mach number, whereas for the 
turbine and burner efficiencies it is less at a high Mach number. 

The dependence of the engine time constant on the transient 
efficiency c har acteristics leads to difficulty in generalizing the 
dynamic behavior of an engine. Although steady-state data may be 
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adequately corrected for altitude and, ram pressure, there is no 
assurance that the dynamic "behavior can he corrected to the same 
degree of accuracy. Altitude and ram conditions may affect the 
dynamic behavior of a component in such a manner that the component 
efficiency at a steady-state operating condition will not he 
materially affected hut the rate of change of efficiency for a 
transient condition will vary significantly. 


Turbine -Inlet -Temperature Overshoot 

The turbine -inlet -temperature overshoot calculated herein is a 
value not readily obtained in an actual engine. The magnitude of 
overshoot shown in figure 2 is only obtained for a perfect step 
change in energy input to the engine. Because of lags in the fuel 
system and in combustion, this perfect step change is nearly 
impossible to produce. The values obtained, however, are valuable 
for comparative purposes and can be used to show the effect of the 
primary variables. 

Contrary to the engine time constant, turbine -inlet -temperature 
overshoot is unaffected by engine size or altitude. The ourves in 
figure 2 therefore are applicable to any size engine and altitude 
operating condition. 

The effect of independent variation in compressor and turbine 
efficiency on the relation between compressor-tip Mach number and 
temperature overshoot are shown in figures 2(a) and 2(b), respectively. 
These curves show that a decrease in efficiency of 0.05 results in 
approximately a 6-peroent increase in the overshoot at a constant Mach 
number. The effect of independent variations in exhaust-to-turbine 
nozzle -area ratio is shown in figure 2(c). At high values of Mach 
number and smalU values of area ratio, the overshoot decreases as the 
area ratio decreases . At low values of Mach number, an opposite but 
much smaller effect is obtained. 

Bam pressure ratio has the most dominant effect on overshoot, as 
shown in figure 2 (d) . At a ram pressure ratio of s.omewhat less than . 
1.2, overshoot is approximately constant. At a ram pressure ratio of 
1.4 overshoot increases with Mach number, whereas at a ram pressure 
ratio of 1.0, the overshoot decreases with increasing Mach number. 

. The over-all effect of increasing the ram pressure ratio is a decrease 
in the overshoot. 
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SUMMARY OF RESULTS 


From an analysis of the effect of independent variations in 
primary variables on the dynamic characteristics of a turbojet 
engine with centrifugal compressor and choked turbine, the follow- 
ing results were obtained: 

1. A time -constant expression corrected for engine size and 
altitude was expressed in the form 



where 

T- engine time constant, characteristic dynamic factor in response 
of speed to fuel flow, (sec) 

6 ambient pressure divided by standard sea-level pressure 

0 ambient enthalpy divided by standard sea-level enthalpy 

Aj. effective turbine -nozzle area, (sq. ft) 

D compressor-tip diameter, (ft) 

1 total polar moment of inertia, (ft-lb)(sec 2 ) 

2, The engine tine constant increased 45 percent for a decrease 
in compressor-tip Mach number of 10 percent. 

3. At constant compressor-tip Mach number, independent vari- 
ations over a normal operating range of the steady-state values of 
compressor efficiency, ram pressure ratio, and exhaust -to-turbine 
nozzle-area ratio each varied the engine time constant by 15 to 
25 percent; the variation of turbine efficiency had a negligible 
effect on the time constant. 

4, The effect of variations in the efficiency gradient of 
compressor, turbine, and burner was of significant magnitude and 
should be given consideration in generalizing the dynamic character- 
istics of an engine for flight conditions. 

5. Turbine -inlet -temperature overshoot required no correction 
for engine size or altitude. 
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6. Turbine -inlet -temperature overshoot decreased with an 
increase in compressor-tip Mach number except under conditions of 
high ram pressure ratio. 

7. The steady-state values of turbine and compressor effi- 
ciency and the exhaust -to-turbine nozzle -area ratio had a small 
effect on turbine -inlet-temperature overshoot as compared with the 
effect of ram pressure ratio. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, March 20, 1950. 
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APPMDIZ A 
SYMBOLS 


A 

C l> 

D 

g 

H 

h 

I 

J 

L 

M 

If 

P 

P 

PO 


The following symbols are used in this report* ' 

effective nozzle area, sq ft 
C 2 , • • • ,Cy dimensionless constants 

compress or -tip diameter, ft 

gravitational constant, 32.2 ft/sec 2 - 

enthalpy, Btu/lb 

heating value of fuel, Btu/lb 

total polar moment of inertia, (ft-lb)(seo ) 

mechanical equivalent of heat, 778 ft-lb/Btu 

Laplace transform 

compressor-tip Mach number based on compressor-inlet 
conditions 

engine speed, radians/sec 
total pressure, lb/ft 2 
complex number 

ambient static pressure, lb/ft 2 


Q unbalanced torque, Btu 

B gas constant, ft-lb/flbjf 0 ^?) 

Tf ' ratio of torque change with fuel flow to torque 

change with speed, radians/lb 

rip ratio of torque change with turbine -inlet temper- 

ature to torque change with speed, radians/(°B) 
(sec) 
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total temperature, °R 

expression in terms of primary engine variables, 
(Btu)(sec)/lb 

expression in terms of primary engine variables, 
Btu/°R 

engine air flow, lb/seo 
engine fuel flow, Ib/sec 
engine exhaust -gas flow, lb/sec 


incremental change in steady-state value of engine 
parameter 

ambient pressure divided by standard sea-level 
pressure 

Ho 

dimensionless constant equal to 

hTfoWf 
% + -j- 

w a 

efficiency 

ambient enthalpy divided by standard sea-level 
enthalpy, 

engine time constant, characteristic dynamic 
factor in response of speed to fuel flow, sec 


engine time constant, characteristic dynamic 
factor in response of speed to turbine-inlet 
temperature, sec 


dimensionless constant equal to 


*4 

hTfoWf 


compressor pressure coefficient 
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Subscripts : 
0 
2 

3 

4 

5 
b 
c 
e 

max 

t 


i 

ambient 

compressor inlet 
burner inlet 
turbine inlet 
turbine outlet 
burner 
compressor 
exhaust 
maximum 
turbine 
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AIPEHDIX B 

DEKEVATION OF ENGINE -TOKQUE EQUATION 

The following equations are assumed to express engine 
performance 


QN = w (H^B 5 ) - v a (H 3 -H 2 ) 


H 5~ H 2 = JL_ 
H 2 = V,, 


/p v 0 »28o 

-i 


= — D 2 H 2 
“ “ 4gJ ti c 


= 9.48 X 10" 6 D 2 N 2 


where ■vlz/ri = 0.95. 


V A ” w a% - V»f 


H 4~ H 5 
h 4 ^t 


■(: 


3 \ W 

s 


0.248 


w g = 0.274 


Afc£4 

H 


4 


where a ratio of specific heats equal to 1.33 is used. 


2 «P0 


» g - A e \|-§ r < r 5-Po) - 0-557 As J| (P 5 -p 0 ) 


where a specific heat equal to 0.263 is used. 


(Bl) 

(B2) 

(B3) 

(B4) 

(B5) 

(B6) 

(B7) 
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ir g = 1.02 v a (B8) 

P 4 a 0.95 P 3 (B9) 

Vc> *lt> % “ (BIO) 

Combining equations (Bl), (B4), and (B8) yields 

QET = hT^v f - TT a (l.02 Hg-^) (Bll) 


When equations (B.5), (B6), and (B8) are combined 


H 4~ H 5 

Ha 


% 


1 - 


'0 .274 


P 5^b 


0.248 


1 * 02 V s 4, 


(B12) 


If equations (B3), (B4), and (B8) are combined 


1.02 H 4 - ^9.48 x 10‘ 6 vhP + H 2 ^ > q^h ^ (B13) 


Combining equations (B2), (B3), (B6), (B8), and (B9) results in 
9.48 X 10" 6 D 2 !! 2 1 

*2 " V 

Equations (B7) and (B8) yield 


|| (B 15 ) 

In equations (Bll) to (B15)., the parameters assumed "variable 
during a transient change in analyzing dynamic behavior are Q, K, 
v ft v as h 4 j Eg, P 4 , Pg, T| c , and t^. Differentiating 

these equations in terns of their variable parameters anri assuming 
the coefficients of the differential equation to be constant for 


1.02 w a = 0.563 


V 


1.02 v a/H 


. 0.283 


[0.27 X 0.96 


v 2 


- 1 


(B14) 
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finite differences of the variables results in equations in which 
the parameters are linearly related. The linear form, of these 
equations and their simplification is as follows: 

« 

From equation (Bll) 


~JL_ m + 
h Vf 




Vf 


AQ 


Av f + AT fc _ 1 » 02 ^5 

w f \ ~ h Vf' h 5 


w a (1.02 Hg-Hg) Aw a 
h % w f w a 


The coefficients of this equation as well as the following linear 
equations are assumed constant and are defined at a steady-state 
operating condition. The unbalanced torque Q in the first term 
of this equation is then equal to zero. The difference between the 
initial and final value of unbalanced torque AQ is then equal to 
the unbalance torque during a transience. 

At steady-state .conditions, the following expressions can be . 
obtained from equation (Bll) : 

w a (1.02 55-53) _ 1 
hT^w f 


and 


Bo + hT ^ Vf 
1.02 B 5 v a ^ w a 

hT^Wf " hT^Vf 


Making these substitutions in the coefficients of the linear 
equation gives 


N AQ Av f t A7 fo 
w f % 
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When the term 


6 = 


*2 


Eg + 


h V*f 

■w„ 


is substituted, the final form of the linear equation is 


N Av f AT lh Aw a / 1 \ ^5 

h Wt AQ “ w f + % " w a Vl-eJ H 5 


The linear form of equation (B12) is 


A% _ 

% 


0.248 


AH, 


4 


E 


4 I % 
E„ 


- l' 


ATjt 

^lt 


0 .248 / lli-i + l\ fijS; + 0 .248 /^liCL. + l\ ^ 

% ) % ( ?5 


V 


4 


V 


From equation (BU) at steady state 

t 

/ T)lm f v 
H 5 [2 + tf a 
4 = 1-1^ 


If 


0 = 


1.02 H 4 


=2 


Vf 


v 


(B16) 
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then 


% 1 
H A V 


Making this suhstitution in the linear equation gives 


AH5 


=<^ “ | 0.248 ^-1)0 + lj| ^ - ( 0 - 1 ) ^ + 
0.248 + l] ^ - 0.248 ^- 1)0 + l| £■& 


The linear foam of equation (B13) is 


= + 2 A- 02 W .,_ AT >h _ 1 * 02 H 4 

w a w f I h m> w f " N \ ~ *ftWf % 




v„ 


Substituting the expressions for 0 and e gives 


Aw. 


a _ ^Jf + %b + 2 / 0-1 \ AH’ _ 


w, 


a w f % V 1 -®/ N 1 " e h 4 


(B17) 


(B18) 
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The linear farm of equation (B14) is 


AH, 


Aw 


H 


= - 2 


■4. 


w a 0.283 



5 2 

9.48 X 10" 6 D^ti 



4 


0.283 Ho 

1 + c 


m 

N 


9.48 X 10“ 6 D% 2 T] c 
C ombining equations (B3) and. (B4) gives 


*2 


=2 


=2 


_ £ 


9.48 X 10“ 6 D 2 !! 2 ^“*2 1.02 H 4 - Vfg _ ^ 


then 


w„ 



m 4 _ _ ? Av a _j 0,285 ^ At 1c t 
H 4 



The linear form, of equation (B15) is 


AFc 


= 2 




AHc 

v 

“S 


(B19) 
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From equation. (B5) and the definition of 0 ‘ 




(B20) 


Five linear engine equations are represented in equations (B16) 
to (B20) and oan he written in the form 


N 


Aw. 


h % v t 


AQ 


jr fV 
*r % 


Aw 


w„ 


AH C 


- C 


1 *5 


(B21) 


S-fi-ic, 

H5 


. c Mt , c 
IT °3T£ +0 


-°2 


APg 


- C r 


Aw*. 


(B22) 


Av a Av f . AT lh AU n 
w a ” w f Hb 4 * 5 % 


(B23) 
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ah 4 

TC" 



C 6 


A ^)e 

n 0 


+ 2 C 


AH 

6 jr 


Triiere 


*5 


2 C. 


4^a A _ ^5 
v a 7 


°1 


1 

1-e 


C 2 « 0.248 0 + 1 


C3 *=> 0 - 1 




2 

0.285 

e 


1 + 


7ET 


and 




(B24) 


(B25) 


0.248 
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The following relations are also known from equation (BIO) : 



(B26) 



(B27) 


(B28) 
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Combining equations (B21) to (B28) and eliminating all ■vari- 
ables except AQ, AH, and AWj results In the following linear 


equation: 


AQ = 


'4 \ 1-2 C 



If At) q and AtVj. are assumed equal to zero, equations (B2l) to 

(B25) can be combined by eliminating all variables except Q, 

AN, and AH^. If the specific heat is assumed constant, however, 

AT^/T^ is equal to AH^/h^. Making this substitution in the 
combined equation results in 


= ^ 
U 2 


, 1-2 C 7 , 

c ^ c sl i=oio7 ) - 


“ + §Tr° 4 “ 4 (B50) 


1373 




MCA TN 2X82 


29 


Only the coefficients of M in equations (B29) and. (B30) were 
used in this analysis. The coefficients are expressed in terns of 
the variables 0, e, P^/Pq' t) q , and (hi^w^J/H® and 


equation (B29) contains the additional terms 


drip 

^o 





and 




The first of these variables can 


be expressed entirely in terms of primary engine variables and 
corrected engine speed by use of the t hemodynamic equations assumed. 


Combining equations (B3), (B4), (B6), and (B8) yields , 


Jg 2 

h Vf 






where 126 is the static sea-level enthalpy, and 2116 iB the static 
sea-level pressure. From the definition of 0 and e, the pre- 
ceding equation can be written in the form. 


H 2 

h V*f 


2 .08 X 10 3 -iHL 




10 /0-l\ ( Po\ p *2 

l e V’7\ P 4/p 


(B31) 


In equation (B31), the ratio B^/Hq can be evaluated from the 

temperature -rise equation for a given ram pressure ratio by the 
equation 



where 0.90 is the assumed ram efficiency. 


(B32) 
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Axl expression for compressor-tip Mach, number, in terms of 
primary engine variables is required. 

Combining equations ( (B2), (B3), and (B9) gives 


rar _ 

2 


\ 


gJBg 

/ Bp \°* 283 

0*95ti 

*c 

l 0.95 p^P 2 J 


Hie preceding equation is an expression for the compressor-tip 
velocity. The following expression Is obtained for the compressor- 
tip Mach number by dividing this expression by the velocity of 
sound at the compressor inlet: 



1 

0.95 


P4P0\°- 283 

P 0 P 2 / 


1 


(B33) 


The expression for f and e is obtained from the solution of 
two equations that are also derived from the assumed thermodynamic 
equations. 

The following equation is obtained when equations (B2), (B4), 
(B 8 ), and (B9) are combined: 

X.02 H 4 - 5. - a, 

a 

*2 


? 4 P0 


,0.283 


10.95 p Q P 2 


^ - 1 


or 


f 1 B 4 p 0 \°> 285 
0.95 Pq p 2y 

From equation (B5) 


0-1 _ 1 



(B34) 
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Eliminating -Wg from equations (B6) and (B7) yieldB 


( ■0.274 ) 
Pc lo.563J 


■4 


Po 

r 4 


/V? % 

V&e/ ^4 t Po 


therefore 



_ 9 

0.248^1 

<1 - 

/0.274\ 2 /- A t\ 1 
\0«563y [AeJ J _ P 0 

> 




V 

*4 . 

J 


(B35) 


From equations (B3l) to (B35), itican he seen that equations (B29) 
and (B30) can he -written in the form 


AQ = 


AfcD 2 8 




r _ 

< f l 


If D p 2 ^ . - 

C ’ So’ ^ V V 



and 



> AN + f 2 C v l) Aw f 


(B3B) 


AQ = 


A*P 2 5 


N P 2 ^ 
_ E , v 


AN + f , (t 2 )AT4 


(B37) 


In these equations, ana Y 2 ^ e P resen ' fc a grouping of -rariahles 

ftnfl are designated 'as such inasmuch as they are insignificant in the 
analysis . 
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(b) Variation of turbine efficiency. 

Figure 1. - Effect of independent variation of primary engine variables 
on relation between corrected engine time constant and compressor- tip 
Mach number. 






Figure 1. - Continued. Effect of variation of primary engine variables 
on relation between corrected engine time constant and compressor-tip 
Each number. 
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(g) Variation of burner efficiency gradient. 


Figure 1. - Concluded. Effect of independent variation of primary 
engine variables on relation between corrected engine time constant 
ana compressor-tip Mach number. 




(a) Variation of compressor efficiency. 

Figure 2. - Effect of independent variation of primary engine variables 
on relation between turbine-inlet-temperature overshoot and 
compressor-tip Mach number. 
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Compressor-tip Mach number, M 

(c) Variation of exhaust-to- turbine nozzle-area ratio. 

Figure 2. - Continued. Effect of independent variation of primary 
engine variables on relation between turbine-inlet-temperature over- 
shoot and compressor-tip Mach number. 
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